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SUMMARY

Qutdoor static tests were made on two high-solidity propellers
of different desigrn. one shrouded and the other unshrouded. The
shroud consisted of a fixed ring encircling the propeller. Three
shrouds were tested to determine the eoffects of shroud length and
exit area. Both prcpellers were dual-rotating, with five blades
in the front componert end seven in the rear component. The blade
angles tested ranged froam 15° to 40° in 5° increments for the
unshrouded propeiler and fram 35° to.45° for the shrouded propeller.

In the range tested, for equal power the shrouded propeller
produced approximetely twice as much gbtatic thrust ss the unshrouded
propeller chiefliy because the unshrouded propeller wes stalled while
the shrouded propeller was unstalled. Variaetions of shroud length:
and exit ares had little effect on the static thrust of the shrouded
propeller.

INTRODUCTION

In recent yesara the controliable-pitch propeller has came to
be used on all but the smallest of propeller-driven aircraft. For
gcome future appllications, however, 2 controllable-pitch propeller may
not be feasible for mechanical reasons, ag in the case of a proposed
gas turbine. Ths use of a fixed-pitch propeller entails &.decrease
in teke—off and climb performance because the fixed-plitch propeller
wlll be at least pariially stalled at low forward speeds. As the
forward speed range over which the propeller must operate is increased,
the tendency of the fixed—pitch propeller . to stall at low speeds
becomes more pronouncsed since the blade angle is also lncreased.

Improvement in take—off performence may possibly be obtained
with a propeller operating in & shroud (a fixed ring encircling the
propeller). The purposs of this shroud is, first, to increase the
inflow et the propeller disc at the take-off condition,:thereby
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decreasing the angle of attack of the blade-section slements to an
angle at which the blades are no longer stalled and, second, to
increase the cross~sectional area of the slipstream.

The present report presents static test data for two high—
solidity, dual-rotating propellers of different design, one
shrouded and the other unshrouded. The tests were made over a
range of blade angles and tip Mach numberas. In the case of the
shrouded propeller, three shrouds of different lengthas and ratios
of shroud exlt area to area at the propeller plane were tested.
The thrust on the shrouds was measured as well as the thrust and
torque acting on each component of the dual-rotating propellers.

Further information on shrouded propellers may be obtained
from a German report (reference 1) which includes both static and

wind-tunnel tests. Static tests of shrouded propellers with three
and four blades are given in reference 2.

SYMBOLS

The symbols used are as follows:
Mg, propeller tip Mach number

R propeller tip radius, feet

r gtation redius, feet

x radial station .(r/R)

B blade angle measured at D.75R, degrees

S cross—sscpional area of Jet, square feet

¥  veloniiy of Jet, feet per second

m marz I o7, elugs per sécond

D static presgure, pounds per square foot

fo} air density, sluge per cubic fooﬁ

D propeller diameter, feet

\§ propeller rotational speed, revolutlons per minute
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n prop_eller rétational l-epeed..i _revolutiox':e.bel:' second
. thrust, Pound_a _. - . . i “ s -
_ P 'power absorbed. by propeller, footr-pound.s per second,
Op thrust cosfficient ( TDQ S ‘
Cp power coefficient ( 3D5 ,
Cp shroud pressure coefficien.;c I-L-:E—P—%>.
php D
17 lengbh of shroud, fest - o
- diffuser expansion angle -' N
_er_‘r:?.gcripte:_ o . T
g front-propeller-cdrnpenent S Sl K
R rear propeller camponent ' . l'
8 shroud SR oL
o station far ahead of propeller -
2 station'a'irectlj behind propeller
3 station at exi‘b of shroud
L . station far behind. propeller

e

APPARATUS

The dynamometer wée located outdoors for these tests. Figures 1

and 2 show the test setup with the unshrouded and shrouded propellers.
sv-Figure 3 shows & dilagram of the dynamometer with the shrouded propeller.

" The model. shrouded propeller tosted was 48'inches in diameter and
the unshrouded propeller wab "49 'inches’ in diameter: 'Both propellers
were dusl-rotating with five bledes in the- front component and seven
blades in the rear camponent. The dynamometer was fitted with a
cylindrical metal fairing to increase the body diameter to 16 inches
at the propeller plane
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Dynamcmeter.~ The dynamometer consisted of two separate’ -
driving unites, one for sach component of the dual-rotating propeller,
suspended from & supporting framework by streamlined struts. Within
the fixed outer casing of each unlit were two directly coupled
200--horgepower induction motors. .The outer housings of these
motors were mounted in large ball bearings to permit rotation of
the housings under torque. These bearings ran on tracks to permit
longitudinal movement of the motors under thrust. The motors of
each unit were connected by two vertical arms extending through
the support strute to a cantllever thrust spring and & torque
spring located at the top of sach support strut. The dynamometer
motors were restrained by these aprings. The deflections of the
springs due to thrust and torgue logsds were transmltted by selesyn
motors to the nearby control housse.

Shrouds .- The first step in the deaign of the shrouds was to
make an analysis of the shrouded propellsr performence to determine
what ldeal efficiency could be cbtained from a propeller-shroud
cambination at the deslgn condition. This analysis was based on
the simple momentum theory, which assumes thet the flow is income
pressible and frictionless. The further assumption is made that
the static pressure of the air leaving the shroud exit has reeched
free--stream pressure. Eguating the total pressure Just behind the
propeller to that at the shroud exit,

2 P _ 152
%ﬁ?o *Po BaVo | %¢V3 * B3

- 2
3 eSaV5

vy = J§;§,;n%§_

From the simple momentum theory, the ideal efficiency,

F 2{:
I _ Vo.+ V3
The ideal efficiency was computed, by means of the above ¢
equations, at several'values of the shroud area ratic S3/S, .

for the‘following fullpecale dasign condition: . . .
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Velocity; miles per hour R R P P = ¢
Horsepower . . . . T G L: 1 1¢)
Rotational aspeed, revolutions per minute .- . . . . .. . 1800
Propeller diasmeter, feet . = . R T I
Altitude . « .« ¢ v ¢ 4 o v v e sV 0000w e . Sea level

The results of this analysis are shown in figure 4. The
figure also shows the effect of the shroud area -ratio on the axial
velocity at the propeller plane and on the tip Mach number of the
propeller. Increasing the ratio of shroud exit area to area abt
the propeller plane results in an increase in ideal efficiency
because the exit velocity is lowered. However, the ‘axial velocity
through the propsller is at the ssme time'incre&sed, which results
in a higher propeller tip Mach number. An area ratio of 1.1 was
arbitrarily chosen for the first shroud as a compromise between the
factors of ideal efficlency end compressibllity losses. This area
ratio permitted the use of a reasonably short shroud length with
an expansion angle 6 of 7° to imsure a good diffuser efficiency.
The shroud nose sectlon wes obtalned by selecting an .arbitrary
mean line and laying out the ordinates for an ellipse aslong perpen—
@iculars to this mean -line.  This originasl nose was modifled at the
gtart of the test to minimigze separation of the flow from the shroud
nose by increasing the radius of curvature of the inner .surface of
the nose. This shroud was termed the short cruise shroud.

Two additional shrouds were designed with the area ratio SofS
increased tc a valuse of 1.3. The flrst of thess, the short take—of%
shroud, was identlcal with ths short cruise shroud except for the
greater area ratio and greater diffuser angle. It simulated the
cruise shroud with flaps open for take—off, the diffuser expansion
angle being 22.4°, The second take—off shroud wes of longer diffuser
length to decrease the expansion sngle to a value of 14.4°. Ordinates-
for the longitudinal sections of the shrouds with the modified nose
are glven in table I and the sections are shown in figure 5.

The ghrouds were rigidly constructed of wood and stesl and were
fixed to the dynamometer 'casing by four streamilne struts. In
addition, wire bracing parallel to the propeller plane proved
necessary to prevent serious vibration of the shroud. For the
purpose of determining the shroud thrusit, each. shroud was Titted
with 37 static—pressure orifices distributed slong the chord over
the lnner and outer surfeces at the bottom of the shroud. The
pressure leads were led out through 2 tube at the top of the shroud
to the rear dynamometer suppord strubt and thence to a multiple-tube
manometer located in the control-house. For an independent check
bf the shroud thrusdty electrical :straln geges: wers fastened to the
shroud support strut Fitdings-at the points of. atbachment. to the
dynamometer casing.
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: Propellers.—~ The shrouded propeller was designed to cperate
.with the cruise shroud at the design condition. The method used
wag similar to that for ducted fans (reference 3). In designing
the propeller, it was sssumed that the axial-velocity distribution
at the propeller plane was uniform., Blade-—form curves for this
propeller are shown in figure 6.

: The unehrouded propeller was made up of blades which originally
- were designed as a two-blade propeller to provide minimum induced
losses with a blade angle of 45° at the O.7R station. At the O.7R
.station the design lift coefficient of this blade was 0.3, the ratlo
of blade~section chord to diameter was 0.066, ahd the maximum thick—
nesg .ratio was 0.08. Both the shrouded and unshrouded propellers

_incorporated the NACA l6-series: high—criticelrepeed airfoil eections
(reference 4. .

..+ The model shrouded propellar vas 48 inches in diameter and the
. clearance. between the propeller tips and the shroud was approximatvely

i% inch. Although the model unshrouded propeller blades were

. ' originally designed as a h8—inch dismeter, it was necessary to test

'-them-ee a 49-inch-~diameter propeller because a large hub size was
nécessary to accammodate meven blades. The distance between propeller
cenber lines was kept as small as possible. This distance waa’

hg inches for the shrouded propeller and 53 inches for the unshrouded.

" The. shrouded propeller was tested with spinners, while the unshrouded
propeller was tested without spinners. ‘However; a check run made
with spinners on the unshrouded propeller indicated that the apinners
"+.had a negligible effect. : .

TESTS

: At 'a glven rotational speed, readings were taken of the thrust
and torque of each component of the dual—rotating propellers end,
in the case of the shrouded propelier, a strain-gage redding vas
taken -and the multiple~tube manometer was photographed. These
Yeddings were made at- several values of.propeller roteticnal speed
up to a-maximom and in some cases repeated while decreasing the
rotaticnal speed, . . _ _

The tests were made with the front and roar propellers set at
" equal blade angles. The unshrouded propeller . .tests covered a blade~
angle range from 15° to 40° in 5° increments, the blade angle being
measured at the 0.75R station. The shrouded prapeller tests were
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made at blade settings of 35°, 40O°, and 45° except for the long
shroud which was tested only at 40° blade angls.

As a check on the axiel velocity .distribublon within the
.shroud, a run wasg made with & rake of total pressure and static
tubes plased ahead of the propellers and then placed behind the
propellers. This was done Tor the short crulse shroud with the
front and rear propellers set at a blade angle of 4Q°.

The four dynamomeber motors were driven by & single
1000-horsepower motar-generator set. Since the power absorbed
by the two camponents of the dusl~rotating propellers was not
egual, there was a small difference in thelr rotational aspeed
equal to the difference in slip of the front and rear motors.

In the worst csase this difference smounted to 4.3 percent of the
front propeller rotation&l speed.

Tests wers run only when the wind valocity was less than
6 miles per hour. This velocity was determined by & vane-type
anemometer., ‘

Callbrations of the dynamometer indicated that some fricilon
was pregent in the system. This,coupled with the effect of wind,
mekes the data less eaccurate tnan those usuaslly ocbtained 1n wind—
tunnel propeller tests. However, the accuracy is sufficient for
the purpose of compearing the sghrouded snd unshrouded propellers
at static conditions. Piecure 7 shows typical test results for
the shrouded propeller. ' :

REDUCTION OF DATA

The data have been reduced to thrust and power ccefficients
for each camponent of the duasl-roteting propellers. The reduction
of the date has been performed, as far as possible,. to apply to
the cese of a propeller with both components opereéting at equal
rotetional speeds, that is, the coefficients of the front.and
rear ccmponents have been based on the rotational speed  of the
front and rear components, respectively. The tip Mach numbers of
the front end rear components have besn based only cn the rotational
- gpeed of thelr respective components. :

The measured static pressures on the shroud were reduced to a
pressure coefficient C, based on the rotational speed of the
front propeller. A typical shroud pressurs distribution is showm
in figure 8 plotted againgt percent chord. The shroud thrust
coefficient Cpg was determined by the equation
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ser ot w b C By = =--Jﬂ x-&x .ﬂ S S0
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.This thrust cocefficient, thern, was: base& on. tha rotational speed

of the front propeller.component ceow . :

ok ‘

" RESULTS AND-DISCUSSION. .-~ -« ...

.Aotion of shroud - With tho shrouded propeller running at

. static conditions, alr is drawn into the front of the shroud from
all directions.- The typlecel shroid. pressurs -distributlions shown
in figure 8 indioate -that.the air flows forward along the ocutside
-of the shroud and turne into.the shroud; following the nosé contour.
It is evident that a low pressure end highk veloclity are reached at
the nose which accounts for a large part of the shroud thrust. The
shroud thereby assumes part of the propeller thrust so that the
force in the propellsr shaft 1s not &) true measure of. the thrust

of the unlit. The total thruat is then the sum of;the propeller
shaf{ thrust and shroud thrust.

At low propeller rotational speeds the flow separates from
the shroud.at the-leading edge. Operation in this condition is ~
.rough and accompanied by much noise. As the propeller speed. ls
"increased, the flow suddenly -becomes uhgeparated at. the nose,
resulting in smooth,:quiet.operation and much higher shroud thruast,
This occurs at tip Mach numbers from 0.3 t0.0.45, depending on the
blade angle and shroud configuration. Comparilson of shroud pressure
distributions for the unseparated flow and separated flow conditions
shows that they differ-onliy in that the low-pressure reglon st the
nose 1s lost In the separeted flow condition. The shroud thrust
in the separated flow condition is then only about half that obtained
-'wlth the .flow not separated frem the shroud
‘e

. Results and oomparison of propallere.r The basic data for the
unshrouded propeller are shown in figures 9 and 10, while those
for the shroudsd propeller aré shown im figures 11l to 16. The
-coefficients for the front and rear propellers: are shown plotted
- .against. their respective tip Mach numbers. .No data.are presented
for. the shroud with flow separated.,.The results show that, with
increasing blade angle, the front component.of the wnshrouded -
propeller stalls earlier than the rear component

. -The shroud thrust presented.in the figures was obtained from -
‘pregsure measurements.. Thieg.thrust represents an upper limit which

probably could. not be attained.in practice for 1t does not’ include
gkin-friction. drag-and support—strut drag and interxference. Check
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points taken with the strain gages inﬁicated & shroud thrust about
10 percent lower than the pressure measuremsnts,

The shrouded and vmshrouded propellers can best be com@ared
on an equal power—coefficient basis. Figure 17 shows the ratlo
of totael thrust coefficient to total powsr cosfficient plotted
against total power coefficient for the wunshrounded propeller end
for the shrouded propeller with the three shrouds tested. In the
range tested, for egual power the shrouded propeller produced more
. than twice as much static thrust as the unshrouded propeller
chiefly because the unshrouded propeller waes stalled while the
shrouded propeller was unstalled. Some improvement- in the unshrouded:
propeller could be sxpected 1f the blade section deslgn lift coef-
ficients were higher.

Variations of shroud length and ratioc of shroud exlt area to
area at the propeller plene had litile effect on the static thrust
coefficient of the sbrouded propeller for a constant power coef-
ficient. However, this result could not be expected to hold for

_very short shrouds.

Increasing the ratio of shroud exit area to srea at the
propeller plane tended to decrease slighitly the power coefflcient
at a given blede angle because the inflow velocity increased. The
effect was greatest at the highest blade angle teeted but even at
this point the power coefflclent decreased only sbout 10 percent.

As previously mentioned,; the shrouded-propeller thrust coef—
ficient was aboubt twicé that of the unshrouded propeller for egual
pover ccefficlents. However, a fixed-pitch shrouded propeller
and a fixed~pitch unshrouded propeller, selected for & particular
full-scale application would prcbably not be of the same diameter
nor would they operate at the same ‘rotational apeed and power
coefficient at static conditions. The increase in stetic thrust
which wonld be realized by the vuese of a shrouded propeller depends, - -
then, on the particular opsrating conditions involved. P =

Comperison with theory.— Based on the simple momentum theory, - R
vhich ignores slipstream rotation and blade profile losses, the EEEANE R
equation for staetic thrust of an unshrouded propellsr can be derived
as follows:

The contraction. of the Jet is such thaﬁ .

1
Yo = =1
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The power absorbed by the propeller is converted into kinetic
energy in the final Jet 8o that L . o

P = lmvua %aseﬁ,ﬁ

vh(

Since the thruat equals mass'flow multiplied by, change in
velocity,

2
mv.'h =.582 -’ig—- 3
1

e O

L)
]

w3
il

_ ' The corresponding equetion for the shrouded propellier is
"~ derived as follows by assuming that :

P3 =Py
then, .
_ . . s\ -

The power absorbed by the propeller is converted into kinetic
_ energy in the final Jet 8o that

- ey

Since the thrust equals mass flow mmltiplied by change in
velocity,



- NACA RM No. L7H2S .° 11

. . B B 2 . . .
T = vy ',333(%)3_ R

£ .2
= 1’5836;5§)§1(P)3 (2)
Dividing egquation .(2) by eq_uation (1),
o ‘;"‘- T _ghrouded I
T unshronfed | 26( _ (3}_

[

for equal operating condition. .

Equation (3) indicates that the ghrouded propéller can be
made greatly superior to the unshrouded By the uss of & large
shroud exit ares whose function is to increase the momentum for
a given power. The ideel theoretical values of thrust have been

- cemputed by the above egquations for the mndel unshrouded propellsr
end for the model shrouded propeller with.the short take—off shroud
and the short cruise shroud. The 1dé4l thrust is shown in figures 18

- to 20 plotted ageinat horsepower and the experimental total thrust

’ is also plotted for comparison. . Por the unshrouded propeller, the

curves show that in the higher blade angle range the static thrust
i1s far below the ideal value because most of the blade is stalled.
The shrouded propsller, howvever, produces thrust very close to
the ideal value heuause .bhe higher Yelocity through the propeller
disk permits the blades to remain unstalled. . The thrust of the
propellesr with the take—cff shroud does not approach its fdeel
value as. closely as.does the. prqpeller with the crulse shroud.
Thig-.is probably. the ‘result, of the larger diffuser angle of ‘ths
take~off shroud. P

The velocitles.ahead and behind the prqpellers are shovm 1n
figures 21 and. 22 for several values of the front—propeller rotational
speed. The tube locations ate’ shown in the Pigures .and the two
planes at which the velocitles were measured hré indieated in figure 5.
The results show that ahead of the propeller & velocity gradient
exlsta such that:the veloclties mear the shroud are higher than

. those near the naeelle. Maasurements could not, be made immediately
ahead of the propeller but at this station the velocity distripution
is probably much more uniform than at the statlon investigated. This
- is substantlated by the uniformity of the distribution dlrectly



12 NACA RM No. LTH25

behind the propeller. The measurements are only approximete
gince the conatruction of the rake was rough and the tubes were
mounted in an axial direction,

CONCLUSIONS

Static tests of unshrouded. and shrouded dual-rotating
propellers indicete the following conclusions:

1., In the range tested, for equal power the shrouded
propeller produced approximately twice as much static thrust
as the unshrouded propeller chiefly because the unshrouded
propeller was mtalled whilse the shrouded proreller was unstalled.

2. In the range tested, variatioms of shroud length and
ratio of shroud exit area to arsa at the propeller plane had
little effect on the static thrust of the shrouded propeller.

Langley Memorial Aeronauticel Leboratory
Nationgl Advisory Committee for Aeronautics
- Langley Field, Va.,
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TABLE I.- SHROUD SECTION CRDINATES

[Stations and ordinetes in percent of shroud chord]

Saroud
Short, take-off Long, take-off Short, cruise
b 4 !i !; b 4 !i !; b 4 Y !;
o 7.58] 7.52] O 6.03] © T.08] 7.58
- .625} 5.48| 8.68 <625 7.08 .szﬂ .48 8.88
1.25 | £.85] 9.0%9 1.2% 7.41 1.25] 4.88] 9.09
2.50 {1 4.08{ 9.57] 2.5 7.9%] 2,50} 4.08] 9.57
5.00 | 2,98110.50 $.00 8.64 5.001 2. 10,50
7.50 §2,285{11.01 7.50 9.07 ?7.50] 2.85% 11.01
10.00 | :.53111.34] 10.0C 9. 10.001 1. 11.34
15.00 ~64111,74] 15.00 8.57 15.00 +64 11,74
20.00 «.19111,.97 20.00 9.68 20,00 189 11,97
25,00} .06112,089 26.00 ¢.70{ 25.00 08 18.08
30.00 02{12.,08 30.00 9.70f 30.00 08 12,08
40.00 L00112.088 39.00 9.70{ 40.00 .00 12.08}
48,50 .00]12.0 40,00 8.7 48.5%0 . 12,08
50.00 00]12,.1 45.00 10. 50.00 . 12.05
55,00 <68} 12 .4 $0.00] 1.04{10.1 5%.00 +31 11,95
60.00 1063 ]-207 50.00 10'2 60.00 & 11.
70.00{ 3.60{12,7 70 .00 9.9 ?0.001 1. 10.1
80.00] 5.57]18. 80,00 9. 80.001 1. 8.22
90,001 7.54|11.0 90.00 8.5 90.00| 2, 5.8
. 100,001 9.52] 9.67 100.00 7. 100.001 3.1 3.2

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 1.~ Static test setup with unshrouded propeller.
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Figure 2.- Stailc test setup with shrouded propeller.
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